The Fpg-L protein has two enzyme activities: DNA glycosylase, which excises 2,6-diamin0-4-hydroxy-SNmethylformamidopyrimidine and 7,8-dihydro-8-oxoguanine, and DNA nicking at abasic sites. Furthermore, the expression of the fpg4 gene in fpg and mutY mutants of E. coli suppresses their spontaneous GC + TA mutator phenotype.
INTRODUCTION
Reactive oxygen-derived species (ROS) formed in cells either as a byproduct of aerobic metabolism or during oxidative stress have been suggested to play an important role in biological processes such as mutagenesis, carcinogenesis and ageing (Breimer, 1990; Ames et al., 1993; . Amongst ROS, the hydroxyl radical (OH') is highly reactive and produces a complex pattern of DNA modifications (Dizdaroglu, 1991) . To counteract the lethal and mutagenic effects of DNA damage induced by ROS, cells have developed DNA repair mechanisms (Sancar & Myles, 1989) . Both base excision repair and Abbreviations: AP, apurinidapyrimidinic; Fapy, 2,6-diamino-4-hydroxy-5N-methylformamidopyrimidine; Fpg-E protein, Fpg protein of Escherichia coli; Fpg-L protein, Fpg protein of Lactococcus /actis; FPLC, fast protein liquid chromatography; 8-OxoGl 7,8-dihydro-8-oxoguanine; pBS, pBluescript KS( +); ROS, reactive oxygen-derived species.
The EMBUGenBank accession number for the nucleotide sequence of fpg-L is X74298.
nucleotide excision repair are involved in the removal of oxidized bases in DNA (Lin & Sancar, 1989; Czeczot e t al., 1991) . In Escherichia coli, two DNA glycosylases excise oxidized bases, the pyrimidine-specific Nth protein (Breimer & Lindahl, 1985; Dizdaroglu e t al., 1993) , and the purine-specific Fpg protein. In vitro, the E. coli Fpg protein (Fpg-E) releases 2,6-diamino-4-hydroxy-SNmethylformamidopyrimidine (Fapy) and 7,8-dihydro-8-oxoguanine (8-OxoG) residues (Chetsanga & Lindahl, 1979 ; Breimer, 1984 ; Boiteux et al., 1984 Boiteux et al., , 1992 Tchou et al., 1991 ; . Fpg-E also possesses two further activities : DNA incision at apurinic/apyrimidinic (AP) sites (Bailly et a/., 1989; Boiteux et al., 1990b) , and excision of terminal 5'-deoxyribose phosphate (Graves e t al., 1992) . In vim, the Fpg-E protein repairs lethal and promutagenic oxidative DNA damage (Czeczot et al., 1991 ; Tudek e t a/., 1993). Furthermore, fpg (mutM) mutants of E. coli have a spontaneous GC + T A mutator phenotype (Michaels et al., 1992 ; Castaing e t a/., 1993) that is greatly enhanced when combined with mutY mutations (Michaels et al., 1992) . These enzymes, Fpg and MutY, together with MutT form the G O system that prevents mutagenesis by oxidized guanine residues in DNA and in the nucleotide pool (Michaels & Miller, 1992; Grollman & Moriya, 1993 ). Lactococct/s lactis subsp. cremoris is a Gram-positive microaerophilic bacterium that has a 2300 kb genome with a G + C content of 37 mol% (LeBourgeois e t al., 1992) , and it is extensively used in the food industry. The amelioration of the dairy strains needs a molecular approach for solving industrial problems such as the recovery of growth after freezing, and the non-reproducibility of fermentations. Here, we report the molecular cloning and DNA sequencing of the fpg gene (fpg-L), and the purification of the Fpg protein (Fpg-L) from L. lactis ML3. The results suggest that thefpg-L and thefpg-E genes have issued from a common ancestor. Furthermore, we show that Fpg protein has a highly conserved function in prokaryotic cells.
METHODS
Bacterial strains, plasmids and enzymes. E. coli strains used were TG1 and JMl05 (Sambrook et al., 1989) (Duwat et al., 1992) was grown on M17 glucose medium (Terzaghi & Sandine, 1975) . The pBluescript KS( +) (pBS) plasmid was obtained from Stratagene. Plasmid pVElOOl is a derivative of pBS and contains the L. lactis recA gene and, upstream, a truncated ORF that is homologous to that of the E. coli Fpg protein (Duwat e t al., 1992) . The Fpg-E protein was prepared as described previously (Boiteux e t al., 1990b) . Restriction enzymes, DNA polymerase, DNA ligase, T4 polynucleotide kinase were purchased from Boehringer Mannheim or Appligene, and used as recommended by the manufacturer.
Cloning and sequencing of the fpg-L gene. All DNA manipulations were performed according to published methods (Sambrook e t al., 1989; Duwat e t al., 1992 ). An L. lactis ML3 genomic library was constructed using purified EcoRI-ClaI DNA fragments of 1-5-2 kb, blunted by phage T4 DNA polymerase and cloned into SrnaI-linearized pBS. E . coli TG1 was transformed with the library and ampicillin-resistant transformants were colony hybridized using H ybond-N nylon membrane (Amersham). The probe used was a 32P-labelled 550 bp SpeI-ClaI DNA fragment of plasmid pVElOOl (see Fig.  1 a) . For DNA sequencing, different restriction fragments were subcloned from pVElO64. DNA sequences were determined on double-stranded DNA by the dideoxy chain-termination method. The sequence reported was determined on both strands.
Purification of the Fpg-L protein. LB broth (5 1) containing 50 pg ampicillin ml-' was inoculated with 50 ml of an overnight culture of E. coli BH410(pVE1064) plasmid. The cells were grown at 37 OC until OD,,, 1.0 and supplemented with 0.5 mM IPTG. The IPTG-induced culture was incubated at 37 "C for 20 h. The cells were harvested, washed and stored at -70 "C. The bacteria (13 g) were lysed in buffer A [50 mM HEPES/KOH, pH 7.6, 1 mM Na,EDTA, 5 mM P-mercaptoethanol and 5 % (v/v) glycerol] containing 0-25 M NaC1. The lysate was centrifuged at 30000 r.p.m. for 60 min at 2 OC. The supernatant was the crude extract fraction (fraction 1, 140 ml). Fraction 1 was loaded onto a QMA anion-exchange column (Waters ACELL, 75 ml bed volume) equilibrated with buffer A containing 0.25 M NaC1. The Fpg-L protein was not retained in these conditions (fraction 2, 300 ml). Fraction 2 was dialysed against buffer A containing 50 mM NaC1, applied to a phospho Ultrogel (PCU) cation-exchange column (IBF-LKB, 20 ml bed volume). The active fractions eluted at 0.25 M NaCl (fraction 3, 87 ml). Fraction 3 was precipitated with ammonium sulfate (500 g l-'), resuspended in 7 ml buffer A without glycerol but containing 1 M NaC1, and loaded on a gel filtration column (IBF-LKB AcA54; 1.6 x 150 cm). The active fractions were pooled (fraction 4, 36 ml). Fraction 4 was supplemented with ammonium sulfate to a final concentration of 0.85 M and loaded onto a Phenyl Sepharose CL-4B column (Pharmacia, 10 ml bed volume). The column was washed with buffer B (50 mM HEPES/KOH, pH 7-6, 1 mM, Na,EDTA, 5 mM p-mercaptoethanol, 1 M NaCl and 0.85 M ammonium sulfate), and eluted with a linear gradient (0-100 YO buffer A). The active fractions were pooled (fraction 5, 16 ml). Fraction 5 was dialysed against buffer A containing 50 mM NaC1, and loaded onto an FPLC cationic Monos HR5/5 column (Pharmacia). The active fractions eluted at 0.3 M NaCl (fraction 6, 9.5 ml). TACCG-5'*. The nucleotide at the 3' end of this modified 34-mer was inverted, yielding the sequence 5'-(N),,-3'-P-3'-N-5' . Both ends of this 34-mer were acted on by the T4 polynucleotide kinase and [y-32P]ATP [3000 Ci m:mol-'
(1 11 TBq mmol-l), Amersham]. 5'-32P-labelling, assay conditions and PAGE analysis were as described previously . White ampicillin-resistant transformants were selected and colony hybridized. Plasmid DNA was extracted from colonies which gave a strong hybridization signal with the DNA probe used. Fig. l(b) shows the physical map of pVElO64, which contains thefpg-L gene placed under the control of the E. coli lac promoter.
~'-GGCTTCATCGTTATT(~-OXOG)ATGACCTGGTGGA-

RESULTS
Cloning of the fpg-L gene
Nucleotide sequence of the fpg-L gene
The 1615 bp DNA fragment cloned in pVE1064 consists of a potential ORF of 819 bp and the 5' region of the lactococcal recA gene (Fig. 1) 
Sequence comparison with the Fpg-L protein
Database searches revealed four sequences with significant homology with the Fpg-L protein : the Fpg-E protein, an ORF of B a c i l h firmtrs (Ivey, 1990) (Fig. 2) . The amino-terminal part was reported for these four proteins and all possess an identical stretch of eight amino acids (PELPEVET) (Fig. 2) . No functional role has been attributed to this region. In addition, the carboxy-terminal end of three of these proteins was determined and shows a zinc finger consensus sequence whose organization is conserved (Cys-X,-Cys-XI,-Cys-X,-Cys) (Fig. 2) 
Overproduction and purification of the Fpg-L protein
To overproduce the protein coded by fpg-L, plasmid pVEl064 was transformed into E. coli BH410 which has a disrupted chromosomal fpg gene (Boiteux & Huisman, 1989 
Polyclonal antibodies against the Fpg-E protein recognize Fpg-L protein
Polyclonal antibodies against the Fpg-E protein inhibited the Fapy DNA glycosylase activity of the Fpg-L protein.
However, a 10-20-fold excess of antibodies was required to inhibit Fpg-L activity as compared to the amount required to inhibit Fpg-E protein (Fig. 4) .
Fpg-L protein nicks DNA at AP sites and excises
The results reported above suggest a strong conservation between the Fpg-E and Fpg-L proteins. * * * * * * * * * * * * * ** * * * * * * * * * * * * * * 140  150  160  170  180  190 
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LEEAVEMGGSSIKSYVNGQGEMGMFQQKLGVYGRKNEPCR~GTDILK~~RGTHFCPNCQL 274 * * * * * * ****** * * * * * * * * * * * * * * * * * * * * * * * * *** * * ** * * * * * * * * * * * * * activity are overexpressed in a crude lysate of IPTGinduced cells hosting plasmid pVEl064 (Table 1) . Secondly, both activities copurify during all the purification steps and the ratio of these two activities remains constant (Table 1 ). The ability of the Fpg-L protein to repair 8-OxoG was studied using an oligonucleotide containing a single 8-OxoG. The 8-OxoG-containing strand was 32P-labelled and annealed with a complementary sequence possessing one of the four DNA bases opposite 8-OxoG. These duplexes were used as substrates for the Fpg-L protein (Fig. 5) . The Fpg-L protein readily incises duplexes with cytosine, thymine or guanine opposite 8-OxoG (Fig. 5) . In contrast, as with Fpg-E, the rate of incision of the duplex with adenine opposite 8-OxoG was much slower (Fig. 5) . In all cases, the two fragments generated by Fpg-L were identical to those produced by Fpg-E. These results suggest that the mechanisms of incision at an AP site by Fpg-L and Fpg-E are identical (Bailly e t al,, 1989) . The release of free ~-O X O G , due to DNA glycosylase activity of the Fpg-L protein, was directly confirmed by HPLC analysis of the reaction products (data not shown). (Boiteux et a/., 1984 (Boiteux et a/., , 1990b . Control IPTG-induced BH4lO(pBS) crude extract had no detectable Fapy DNA glycosylase activity and 0.6 kU mg-' of AP site nicking activity.
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Step Lanes 1-6 correspond to the different purification steps described in Table 1 and in Methods. PAGE was performed using 15% (wfv) polyacrylamide gel. The amounts of Fpg-L protein loaded on the gel were: lanes 1 and 2, 50pg; lane 3, 1Opg; lanes 4, 5 and 6, 5pg. Lane 7, 5pg purified Fpg-E protein.
Biological function of the Fpg-L protein
To investigate the biological role of the Fpg-L protein, we analysed its capacity to suppress the spontaneous mutator phenotype offpg and mutY mutants of E. coli. The E. coli strains used were derived from CC104, which has a lac2 mutation that can only revert through a GC + T A transversion event (Cupples & Miller, 1989) .
Wild-type, fpg or mzltY single mutants, and anfpg mntY double mutant were transformed with pVE1064, which contains a functionalfpg-L gene under the control of the lac promoter. Table 2 shows that the presence of the Fpg-L protein greatly reduces spontaneous mutagenesis infpg, mzltY andfpg mzltY strains of E. coli. The fact that the Fpg-L protein can substitute for the E. coli enzyme Five or more independent overnight cultures of E. coli hosting pVE1064 or pBS (the vector from which pVE1064 was derived) were grown in LB broth containing ampicillin. Aliquots were plated on LB agar containing ampicillin (100 pg ml-') and rifampicin (100 pg ml-') or on minimal glucose or minimal lactose plates containing ampicillin only (Cupples & Miller, 1989 
